High coherent solid-state qubit from a pair of quantum dots 
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In this letter we propose a scheme to build up high coherent solid-state quantum bit (qubit) 
from two coupled quantum dots. Quantum information is stored in electron-hole pair state with 
the electron and hole locating in different dots, and universal quantum gates involving any pair of 
qubits are realized by effective coupling interaction via virtually exchanging cavity photons. 



To be scalable in quantum computation (QC)0, re- 
cently there have beenptjensiderable interest in the solid- 
state implementationsafia'El. The main drawback in 
solid state systems is the severe decoherence. Thus 
in the solid-state based QC proposals, the spin (rather 
than charge) degree of freedom has., been exploited for 
its relatively long decoherence timeaotl On the other 
hand, some recent impressive experiments investigated 
the charge degree of freedom to realize coherent at. 
operation and entanglement in quantum dots (QDs)Lrl 
by making use of the ultrafast optical spectroscopy tech- 
niques. It is the ultrafast feature in these experiments 
to overcome the decoherence difficulty. In this letter, we 
propose a simple scheme to achieve low decoherence qubit 
from a pair of weakly coupled QDs. 

The basic idea is from our recent work0, by noticing 
that several shortcomings exist there and in some of other 
QC schemes based on QDs: (i) In each qubit (two cou- 
pled QDs), one and only one excess electron is required 
in the conduction band. This is a challenging task within 
current technology, (ii) The intersubband transition with 
THz lasers is currently not a mature technology, (iii) The 
coupling between qubits is mediated by Coulomb interac- 
tions, which makes it very difficult to perform conditional 
gate operation between any pair of qubits. In this letter, 
we attempt to remove all these drawbacks based on an 
all-optical approach. The physical system we are con- 
casaed with is similar as that proposed by Imamoglu et 
aSM, i.e., many qubits (QDs) are located in an optical 
microcavity, and each qubit can be selectively performed 
by laser pulses due to the relatively large distance be- 
tween qubits. However, in our structure, we suggest to 
use two weakly coupled QDs (rather than one QD) to 
construct a qubit as shown in Fig. 1, where only the rel- 
evant HOMO and LUMO states are plotted for clarity. 
In our present scheme, no excess electron in the conduc- 
tion band is required: quantum information is stored in 
electron-hole pair state. Namely, logic |1) corresponds 
to electron-hole pair excitation with electron in state |e), 
and logic |0) corresponds to no electron-hole pair excita- 
tion with electron in state \v). Since we are exploiting 
the charge states for QC, the possible spin degeneracies 
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FIG. 1: Schematic diagram for a qubit constructed from 
two coupled quantum dots in the presence of external electric 
field. The plotted states are resulted from the HOMO and 
LUMO states of the individual quantum dots. The ground 
state \v) is used for logic |0), and the excited state |e) for 
logic |1). \e) plays a role of intermediate state with virtual 
occupation. The optical coupling between states are due to 
the lasers with frequencies ujl and lul, and cavity photon with 
frequency u>c- 



(superposition and even decoherence of spin states) are 
irrelevant degrees of freedom. 

A specific feature we would like to stress is that the 
energy level structure of the coupled QDs (nearly iden- 
tical) under external electric field in Fig. 1 makes the 
phonon scattering induced decoherence on state |e) be 
negligible at low temperatures, since the electron-phonon 
scattering from |e) to |e) will be suppressed for a rela- 
tively large energy separation (e.g. ~ 10 meV) between 
|e) and |e). In the present QC scheme, |e) would play 
a role of virtually occupying intermediate state, thus its 
decoherence is insensitive to QC. Accordingly, the dom- 
inant decoherence source in our qubit structure stems 
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from spontaneous emission of state |e), which would be 
much weaker than its counterpart in a single dot due to 
the hole largely locating in another dot. Regarding the 
external electric field, its thermal fluctuation (the John- 
son noise) may cause additional dephasing. To avoid it, 
the electrodes that generate the electric field can be con- 
nected to a superconductor, which can remove the ther- 
mal fluctuations since there is no dissipation. In the fol- 
lowing, we briefly show how to implement the universal 
quantum gates, then present more detailed analysis for 
decoherence versus operation time. 

For single qubit operation, turning on a laser field with 
frequency lot, on resonance with the energy difference be- 
tween |e) and \v), qubit flipping takes place under the 
interaction Hamiltonian 

H I = n L [\e)(v\e- i ^ t + R.c] , (1) 

where VL^ is the Rabi frequency. Utilizing this interac- 
tion, arbitrary single-qubit operations can be performed. 
To realize the universal gates for quantum computation, 
two-bit operation such as the controlled-NOT (CNOT), 
or equivalently, conditional-phase-shift (CPS) gate, is 
necessary. To this end, we suggest to employ the cav- 
ity photon to virtually participate in qubit operation, 
which can effectively couple the two performed qubits 
together. Specifically, two lasers selectively act on two 
qubits (the jth and fcth ones), both with frequency lul 
being off-resonance with the transition energy between 
|e) and \v), i.e., with detuning Si — Ee — E v — ujj,. 
To avoid real excitation of the cavity photon, 8\ should 
slightly differ from the detuning of the cavity phonon fre- 
quency with the level spacing between |e) and |e) , namely, 
81 7^ &2 = Ee — E e — u>c- Under the laser pulse action, 
single qubit (e.g. the jth one) effective interaction Hamil- 
tonian reads 

Hz = 0^[|e) i ( U |ate-^ + H.c], (2) 

with the effective two-photon coupling coefficient 
n 0j) (t) = A^woc ( ^_ + _^ where {Qc) is the op _ 

tical coupling strength between |e) and \v) (|e)) due to 
the laser (cavity photon) field. To implement CNOT or 
CPS gate, we need to establish a near two-photon reso- 
nance condition between the control (J) and target (k) 
qubits, i.e., 8^' — 5^ = 8 = 8% — 8\. Under this con- 
dition, and assuming that 8 is larger than f2^(i) and 
the cavity photon linewidth, the cavity-photon coordi- 
nate in Eq. @ can be eliminated, and a two-bit effective 
coupling is established as (in interaction picture with re- 
spect to H = E e \e)(e\ — E v \v)(v\ ) 

H int = 9 C S k to "fe + vtvj] > ( 3 ) 

where 9 e Q(t) — fl^(t)fl^(t) / 8 . Here we have in- 
troduced the Pauli matrices to denote state transition, 
(j + = \e)(v I and er~ = |i>)(e|. Similarly, we can also intro- 
duce other Pauli matrices as follows: a x = |e)(u| + |u)(e|, 



<7 y = — i|e)(u| + i|u)(e|, and a z = \e)(e\ — \v)(v\. In 
this way, the present system can be completely mapped 
to a spin model, for both the single qubit rotation [c.f. 
Eq. (Q)], and two qubit coupling [c.f. Eq. (g)]. With this 
mapping, the gating technique based on spin interac- 
tion of ihe form ~ JS J ■ S fe can be straightforwardly 
adoptedoB. Below we show that the nontrivial two-bit 
operation such as the CPS gate can be realized by com- 
bining i? m t with one-bit operations. Note that the in- 
teraction Hamiltonian of Eq. (^) defines a two-bit joint 
unitary evolution operator Ujk{<fi) = Texp[i J dtH^(t)], 
where <fi = f dtg c ^(t). With this, the CPS gate^can be 
implemented using the following pulse sequencesffil 

U QVS = e l7r/ ' l e l ™i-' 7 J /3 e i7Tl:ik - ak/3 U jk (ir/4:)e-' l ^ /2 
y.U ]k {-K/A)e- i7 " y y 2 e- i7 " Jk/2 . (4) 

Here the vector Pauli operator u = (cr x , a y 1 a z ), unit vec- 
tor n 3 = (1, 1, — 1)/V3, and n fe = (1,-1,1)/V3- It can 
be straightforwardly shown that in the computational 
subspace {\vv)j k ,\ve)jk,\ev)jk,\ee)j k }, U C ps\ee} jk = 
e m \ee)jk, and other basis states are kept unchanged (with 
no phase shift). The more familiar CNOT gate is as- 
sociated with the above CPS gate in terms of Uqn — 

H t ^ 1 JJ(jpQ i Hk, where H k — exp(j7rcr^/4) is the Hadarma 
gate acting on the fcth qubit. 

To carry out an analysis for QC operation, we need to 
specify the electronic states further. In two- level approx- 
imation, |e) and |e) in Fig. 1 are resulted from coupling 
of the two isolated dot states |d) and \d) with coupling 
strength t and energy separation A = Eg — Eg. (For 
the highest two valence band states, similar treatment 
can be done). As a result, the eigenstates |e) and \e) 
have eigenenergies E T = \ [{E d + Eg) =p y/ A 2 + At 2 ], and 
wavefunctions 

\e) = ^T^\d)+^\d) 

\e) = y^\d)-^\d), (5) 

where 7 = t 2 /(A 2 +t 2 ). With this state nature in mind, 
we below estimate the decoherence and operation time 
in order. 

As have mentioned previously, the qubit decoherence 
time (tci) is characterized by the spontaneous emission 
rate of |e), which is given by Fermi golden rule as 
1 / T d = |Sq \M ve (q)\ 2 8(E e -E v -thJ q ) , where w, is the 
emitted photon frequency, and M ve (q) = (v\Hep(q)\e) 
is the perturbative matrix element. For logic gate op- 
eration, the time scale (tg) is determined by the opti- 
cal coupling Hj L ^ between |e) and \v) via the external 

laser field, and H\ between |e) and |e) via the cavity 
photon. In terms of matrix element of the interaction 
Hamiltonian, the coupling strengths can be expressed as 

£Il(c) = { e Wi ' Due to the spatial separation 

of state |e) from \v) and |e) as shown in Eq. (H), com- 
pared to the corresponding counterparts in single dot, 
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the spontaneous emission rate will be reduced by a fac- 
tor 7, while fl^ and Qc will be reduced only by y/j. As 
a consequence, the gate ratio p = t^Itq will be enhanced 
by a factor ~ l/i/7- Similar conclusion has been quan- 
titatively demonstrated by numerical calculation in Ref. 

Further, as an order of magnitude estimate, assume 
t = 0.01 meV, and A = Eg - E e = 10 meV. Ac- 
cordingly, the spatial separation factor 7 = 10~ 6 . For 
the intra-dot interband coupling due to the laser pulse, 
we assume £Il = 0.1 meV; and for the intra-dot state 
coupling with the cavity photon, the typical value of 
il c = 300 MHz is adopted§E3. To avoid real occu- 
pation on the state |e), detuning 6± = 1 meV is as- 
sumed between the laser frequency and the energy dif- 
ference between |e) and \v). With these parameters, the 
characteristic time for single qubit rotations is given by 
Tq = ■n/O.L, where ~ \/l&L = 10~ 4 meV, im- 
plying a time scale of hundreds of nanoseconds. For 

(2) 

two qubit operation, the characteristic time Tq is dom- 
inantly determined by the two-bit joint evolution [c.f. 
Eq. (Q)], Tq ~ n/g e Q- Assuming 6 — f2 e gf/3, we esti- 
mate ft eff = = ~ n L fl c /Si =i 30 KH, and 
g e g ~ 10 KHz. Accordingly, the two-bit gate such as 
Eq. can be accomplished within time scale of 10~ 3 
sec. 

For the spontaneous emission, due to the CQED effect 
and the possible dark state feature in certain symmetrical 
QDsEil, the intra-dot interband radiative lifetime can be 
regarded longer than tens to hundreds of microsecond. 



Therefore, the qubit decoherence time can be as long as 
tens of second (note that ~ fa/7 ~ 10 6 x fa), owing 
to the spatial separation of the qubit states. Within this 
time scale, the single bit rotation can be performed as 
high as 10 s times, and the two-bit CNOT gate can be 
performed about 10 4 times. We notice that the operation 
quality presented here, say, the decoherence time and 
computing speed, is comparable to the well-known ion- 
trap QC modeiiia. As an interesting comparison, under 
the same interaction and relaxation strengths as assumed 
above, if the qubit is constructed from single quantum 
dot, the coherent operations can be only, ~ 10 5 for one- 
bit rotations, and ~ 10 for the two-bit CNOT gate. 

In summary, we have proposed a scheme to build up 
high coherent solid-state qubit from a pair of quantum 
dots, and to implement the univeral quantum gates by 
coupling qubits via virtually exchanging cavity photon. 
The central challenge to realize the proposed QC scheme 
is the development of few-mode THz cavities with ex- 
tremely low loss. An attractive candidate is the dielectric 
cavities, which is currently an intensive research field. 
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